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(P.J. Bennett).Changes in the physiological properties of senescent V1 neurons suggest that the mechanisms encoding
spatial frequency in primate cortex may become more broadly tuned in old age (Zhang et al., European
Journal of Neuroscience, 2008, 28, 201–207). We examined this possibility in two psychophysical exper-
iments that used masking to estimate the bandwidth of spatial frequency-selective mechanisms in youn-
ger (age 22 years) and older (age 65 years) human adults. Contrary to predictions from physiological
studies, in both experiments, the spatial frequency selectivity of masking was essentially identical in
younger and older subjects.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
The visual system encodes the visual scene with spatial ﬁlters
selective for spatial frequency, orientation, andmotion (seeDeValois
& DeValois (1988) for a review). The ﬁdelity with which the visual
scene is encoded presumably depends, in part, on the bandwidth
of these ﬁlters, which may increase with normal, healthy aging.
For example, compared to visual neurons in young adult macaque
monkeys, neurons in the primary visual cortex in senescent
macaques have markedly reduced selectivity for spatial frequency,
orientation, and direction of motion (Leventhal, Wang, Pu, Zhou, &
Ma, 2003; Schmolesky, Wang, Pu, & Leventhal, 2000; Zhang et al.,
2008).
Previous psychophysical studies have examined the effects of
aging on orientation (Delahunt, Hardy, & Werner, 2008; Govenlock,
Taylor, Sekuler, & Bennett, 2009) and motion (Bennett, Sekuler, &
Sekuler, 2007) selectivity in humans, with mixed results; psycho-
physical estimates of the bandwidth of orientation tuning change
little as a function of age, whereas psychophysical results frommo-
tion discrimination tasks are consistent with an age-related broad-
ening of the bandwidth of direction-selective mechanisms. To the
best of our knowledge, however, there are no estimates of the ef-
fects of aging on the selectivity of spatial frequency-tuned mecha-
nisms of human adults. Detuning of older humans’ lower-levelll rights reserved.
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uler), bennett@mcmaster.caspatial scale mechanisms could explain a variety of higher level
age-related visual deﬁcits related to form (Andersen & Ni, 2008;
Del Viva & Agostini, 2007; Habak, Wilkinson, & Wilson, 2008;
Legault, Allard, & Faubert, 2007; Norman, Ross, Hawkes, & Long,
2003; Roudaia, Bennett, & Sekuler, 2008) and the interaction of
motion and form (Andersen & Atchley, 1995; Billino, Bremmer, &
Gegenfurtner, 2008; Norman et al., 2003; Pilz, Bennett, & Sekuler,
2010). In the current study, therefore, we used two psychophysical
masking techniques to examine whether the spatial frequency
selectivity of masking—which is thought to reﬂect the tuning of
underlying spatial frequency channels (DeValois & DeValois,
1988)—is affected by normal aging.2. Experiment 1: sine-wave grating masking
The presence of one or more high-contrast sine wave masks ele-
vates threshold for a sine wave target pattern, provided that the
mask(s) and target have similar spatial frequencies and orienta-
tions. The relation between the strength of masking and the differ-
ence between mask and target spatial frequencies has been used to
infer the spatial frequency bandwidth of the mechanisms used to
detect the target in younger observers. The earliest studies using
this method utilized only one sine wave mask (e.g., Legge & Foley,
1980; Stromeyer & Julesz, 1972; Stromeyer & Klein, 1974). One po-
tential problem with these studies is that the estimates of channel
bandwidth may have been affected by off-channel, or off-fre-
quency, looking (Gaspar, Sekuler, & Bennett, 2008; Patterson &
Nimmo-Smith, 1980; Solomon & Pelli, 1994). If a target can be de-
tected by monitoring the response of one of several spatial fre-
quency channels, then the optimal strategy would be to pick the
Table 1
Mean values for age (years), logMAR acuity, and Mini-Mental State Exam (MMSE).
Values in parentheses are standard deviations.
Experiment N Age Near
acuity
Far acuity MMSE
1 13 older 68.9
(3.3)
0.02
(0.08)
0.05
(0.11)
29.46
(1.13)
13
younger
21.8
(1.4)
0.15
(0.07)
0.10
(0.08)
2 12 older 69.8
(4.3)
0.00
(0.11)
0.04
(0.10)
28.67
(1.30)
12
younger
21.8
(3.5)
0.16
(0.08)
0.15
(0.06)
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mask(s). In cases where the mask consists of spatial frequencies
that are higher than the target, the signal to noise ratio might be
increased by monitoring the response of a channel whose peak fre-
quency is below the target frequency. On the other hand, if the
mask consists of frequencies below the target frequency, then it
might be better to monitor the response of a channel tuned to fre-
quencies that are slightly higher than the target frequency. Off-fre-
quency looking essentially reduces the amount of masking
produced by frequencies close to the target frequency, and there-
fore results in a lower estimate of channel bandwidth.
To reduce the effects of off-frequency looking, more recent
masking studies have used two symmetrically-offset masks
(Henning, Hertz, & Hinton, 1981; Henning & Wichmann, 2007;
Patterson & Nimmo-Smith, 1980; Solomon & Pelli, 1994), which
makes it more likely that the channel centered on the target fre-
quency is the one with the highest signal to noise ratio in all mask
conditions. In Experiment 1, we measured detection thresholds for
a Gaussian-damped sine wave grating (i.e., the target) embedded
in a mask consisting of two sine wave gratings that had frequencies
that were symmetrically offset from the target frequency to deter-
mine whether the spatial frequency selectivity of masking changes
as a function of aging (see Fig. 1).
2.1. Methods
For all of the experiments reported here, the research protocol
was approved by McMaster University’s Research Ethics Board,
and informed consent was obtained from each subject before the
start of the experiment.
2.1.1. Subjects
Thirteen older and 13 younger paid subjects participated in this
experiment. All subjects completed vision and general health ques-
tionnaires to screen for visual pathology, such as cataracts, macular
degeneration, glaucoma, and amblyopia. Near and far decimal log-
MAR acuities were measured for all subjects with CSV-100EDTRS
eye charts (Precision Vision, LaSalle, Illinois, USA). When measur-
ing acuity, subjects wore their normal optical correction for eachFig. 1. An illustration of the sine wave grating masking paradigm, as well as example stim
lines illustrate hypothetical tuning functions of two spatial frequency ﬁlters that are ce
representing two masking frequencies, are far removed from the target frequency and w
target frequency (A2–A4), they fall within the passband of the ﬁlters and will elevate ta
broader ﬁlter (A3). Panel B: B1 and B2 show example stimuli constructed with large
transforms for these stimuli. In these polar plots, a horizontal grating is represented by a
two horizontal dots. Spatial frequency is represented by the distance from the dots to
horizontal, 3 c/deg target Gabors, and the remaining two pairs of dots represent the madistance. Older subjects completed the Mini-Mental State Exami-
nation (MMSE) (Folstein, Folstein, & McHugh, 1975) to screen for
age-related dementia. All older subjects scored within the normal
range for their age groups on the MMSE (Crum, Anthony, Bassett,
& Folstein, 1993). The means and standard deviations of age, near
and far acuities, and MMSE scores appear in Table 1. All subjects
had normal or corrected-to-normal acuity and no known vision
health problems.
2.1.2. Stimuli and apparatus
The experiment was programmed in MatLab v5.2.1 (The Math-
works) using the Psychophysics and Video Toolboxes (Brainard,
1997; Pelli, 1997) running on an Apple G4 PowerMac computer.
The stimuli were displayed on a 21-in. Apple Studio Display. Dis-
play size was 1024  768 pixels, which subtended visual angles
of 19.1 horizontally and 14.4 vertically from the viewing distance
of 114 cm. The frame rate was 75 Hz, noninterlaced. Calibration
was done using a PhotoResearch PR-650 spectracolorimeter, and
the calibration data were used to build a 1779-element look-up ta-
ble (Tyler, Chan, Liu, McBride, & Kontsevich, 1992). When con-
structing the stimuli used on each trial, the computer software
selected appropriate luminance values from the calibrated look-
up table and stored them in the 8-bit look-up table of the display.
Average luminance of the display was 32 cd/m2 and was constant
throughout the experiment. The monitor was the only source ofuli and their Fourier transforms from two conditions. Panel A: the solid and dashed
ntered on the same (target) frequency but differ in bandwidth. In A1 the arrows,
ill not affect the response of either ﬁlter. As the mask frequencies move toward the
rget detection threshold. In some conditions, the mask frequencies affect only the
and small masks’ offset, respectively. B3 and B4 show the respective 2D Fourier
pair of vertically-aligned dots, whereas a vertical grating would be represented by
the center of the graph. The two brightest points in each transform represent the
sk frequencies.
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Fig. 2. Experiment 1: Sine wave grating masking. Mean detection thresholds for
older and younger subjects are plotted as a function of the mask spatial frequency
offset relative to that of the 3 c/deg target. Error bars represent ±1 SEM. Eq. (2) was
ﬁt to the average thresholds from each age group; the solid and dashed curves
represent the results for older and younger subjects, respectively.
1714 S.W. Govenlock et al. / Vision Research 50 (2010) 1712–1719light in the room during testing. Viewing was binocular through
natural pupils, and a chin/forehead rest was used to stabilize view-
ing position.
The visual target – 256  256 pixels, or 4.8  4.8 – was a hor-
izontal, 3 c/deg sine wave grating. Target contrast was modulated
by a radially-symmetric Gaussian window (2r = 1.2). The spatial
phase of the target, relative to the center of the Gaussian window,
was ﬁxed at 0 (i.e., cosine phase). The target was masked by two
4.8  4.8 sine wave gratings. The contrast of each mask compo-
nent grating was 0.14, and was modulated by a circular aperture
(diameter = 4.8). To make it more difﬁcult for subjects to learn
to use a speciﬁc pattern of beats to detect the target (Nachmias,
1993), on each interval of every trial the phase of each mask com-
ponent was randomized and the orientation of each mask compo-
nent was selected randomly from a uniform distribution that
extended from ±5 around the target orientation. The spatial fre-
quencies of the mask components differed from the target spatial
frequency by 0, ±0.1, ±0.2, ±0.5, ±0.8, ±1.6, or ±3 octaves. In condi-
tions that used a non-zero frequency offset, one mask component
had a spatial frequency that was higher than the target frequency
and the other had a frequency that was lower than the target fre-
quency, and both components differed from the target frequency
by an equal number of octaves (Fig. 1).
2.1.3. Procedure
Thresholds were measured with a two-interval forced-choice
(2-IFC) task. A circular (diameter = 6.7 arcmin) high-contrast ﬁxa-
tion spot was presented in the center of the display. The subject be-
gan a trial by ﬁxating the spot and pressing the space bar on a
standard computer keyboard. The ﬁxation point then was erased,
and, after a delay of 500 ms, followed by two successive 200 ms
stimulus intervals separated by an inter-stimulus interval of
500 ms. Each stimulus interval contained a high-contrast outline
of a circle (diameter = 4.8; outline width = 1 pixel) that served to
mark the spatial and temporal extent of the stimulus. One interval
contained the target-plus-mask, the other contained the mask
alone, and the subjects task was to select the interval that con-
tained the target by pressing one of two response keys. An auditory
tone provided feedback after incorrect responses; no sound fol-
lowed a correct response. Subjects were informed that the proba-
bility of the target appearing in the ﬁrst stimulus interval was
0.5. Target contrast was varied across trials using QUEST (Watson
& Pelli, 1983). The seven mask spatial frequency conditions were
blocked and randomly ordered. A session ended when each stair-
case had accumulated 45 trials.
2.2. Results
All statistical analyses were done with R (R Development Core
Team, 2007). Where appropriate, the Huynh-Feldt correction, ~,
was used to adjust the degrees-of-freedom to correct for violations
of the sphericity assumption underlying F tests for within-subject
variables (Maxwell & Delaney, 2004). In cases where the Huynh-
Feldt correction is used, the reported p values are the adjusted p
values. Effect size was expressed as Cohen’s f (Cohen, 1988), and
was calculated using formulae described by Kirk (1995). When
F < 1, the effect size was assumed to be zero (see Kirk, 1995, p.
180). Between-group t tests assumed unequal group variances
and used the Welch-Satterthwaite formula to adjust the degrees-
of-freedom: p values listed for such tests are the adjusted p values.
The psychometric function was deﬁned as
p ¼ 1 ð1 cÞ expð10blog10ðc=aÞÞ ð1Þ
where p is proportion correct, c is the guessing rate, c is stimulus
contrast, b governs the slope of the psychometric function, and acorresponds to threshold (i.e., the stimulus contrast that yields a re-
sponse accuracy of 81.6% correct). The guessing rate was set to 0.5,
and a maximum likelihood curve-ﬁtting procedure was used to esti-
mate b and a for each subject in each condition. One older and one
younger subject had thresholds that were, on average, more than
two standard deviations higher than the group mean for each con-
dition for their respective age group. These subjects were deemed
outliers, and their data were not included in subsequent analyses.
First, an analysis was conducted to determine if the slope of the
psychometric function was approximately constant across age and
mask conditions. The grand mean of b was 3.62 (SEM = 0.14). An
ANOVA on the log-transformed values of b found no effect of age,
F(1,20) = 3.55, f = 0.09, p = 0.074, mask condition, F(6,120) =
0.839, ~ ¼ 1, f = 0, p = 0.542, or an age  mask condition interac-
tion, F(6,120) = 0.339, ~ ¼ 1, f = 0, p = 0.915. These results mean
that the magnitude of any observed group difference in threshold
does not depend on the threshold criterion.
Fig. 2 shows mean detection thresholds for each group plotted
as a function of mask offset. An ANOVA on log-transformed thresh-
olds found a signiﬁcant main effect of age, F(1,20) = 5.92, f = 0.13,
p = 0.024, and a signiﬁcant effect of mask condition, F(6,120) =
198.70, f = 1.96, ~ ¼ 0:64, p < 0.0001, but no signiﬁcant age  con-
dition interaction, F(6,120) = 2.32, f = 0.16, ~ ¼ 0:64, p = 0.067.
Hence, the ANOVA found no evidence that the frequency selectivity
of masking differed in older and younger subjects.
Thresholds were ﬁt with the equation
TðxÞ ¼ kþ a  exp  x
b
 
ð2Þ
where T is threshold, x is the mask components’ spatial frequency
offset, k is the lower asymptote, a is the difference between the
maximum and the lower asymptote, and b governs the rate of de-
cline from the maximum threshold, (k + a), to the lower asymptote,
k. Eq. (2) was then used to calculate the half-amplitude half-band-
width of masking, h1/2, which was deﬁned as the mask spatial fre-
quency offset, in octaves, at which threshold dropped to one-half
of its peak value.
Eq. (2) was ﬁrst ﬁt to the average thresholds in each age group,
and the resulting parameters were used to draw the smooth curves
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age groups. Next, Eq. (2) was ﬁt to the data from each subject. Dur-
ing curve-ﬁtting, the value of k, which determines the lower
asymptote of the function, and therefore constrains the estimate
of a subject’s unmasked target contrast threshold, was restricted
to have a psychophysically plausible lower limit of 0.0025. For each
subject, the best-ﬁtting version of Eq. (2) was used to estimate h1/2.
As seen in Table 2, the mean h1/2 was 0.70 for younger subjects
and 0.71 for older subjects. The difference in masking bandwidth
between age groups was not statistically signiﬁcant, CI95% =
(0.18, 0.16), t(20) = 0.13, p = 0.90.
2.3. Discussion
Experiment 1measured detection thresholds for a Gabor pattern
embedded in a mask consisting of two sine wave gratings whose
spatial frequencies were symmetrically offset from that of the tar-
get. Thresholds in both age groups were highest when the target
and mask had the same spatial frequency, and declined as the dif-
ference between target and mask spatial frequencies increased.
An ANOVA on the detection thresholds showed that the age  con-
dition interaction approached statistical signiﬁcance. This nearly-
signiﬁcant effect reﬂects the fact that age differences in the 0.8
and 1.6 octave mask offset conditions were smaller than in the
other conditions, and might suggest that the shapes of the thresh-
old vs. mask curves differ slightly between groups. Nevertheless, gi-
ven no effect of age on h1/2, Experiment 1 found no evidence that the
selectivity of spatial frequencymaskingwas broader in older adults.
3. Experiment 2: notched-noise masking
In Experiment 1, we randomized the phase and randomly jit-
tered the orientation for each of the masking sine wave compo-Table 2
Masking bandwidths (h1/2) estimated from Experiments 1 and 2.
Younger subjects Older subjects
l^ r^l l^ r^l
Experiment 1 0.70 ± 0.050 0.71 ± 0.060
Experiment 2 0.89 ± 0.068 0.95 ± 0.133
Fig. 3. Illustration of the notched-noise masking paradigm, and example stimuli and th
frequency content of the external noise; solid and dashed lines represent hypothetical tu
has been ﬁltered with progressively narrower notches. The notch width is zero in A4. N
variability and lowers the signal-to-noise ratio. Notice that, in B and C, more noise falls w
appears at supra-threshold contrast embedded in noise having a wide (3.2 octaves) spati
noise mask contains non-zero amplitudes at all frequency components except those fallin
stimulus constructed with a narrow notch-bandwidth (0.2 octaves). Note that the scale o
in Fig. 1.nents by ±5 on each trial. These measures ensured that the
subjects could not use a particular pattern of spatial beats as a
cue for detecting the target. However, the presence of spatial beats
or other local spatial distortions still may have been used by sub-
jects to detect the target (Badcock, 1988; Derrington & Badcock,
1986; Hess & Pointer, 1987; Thomas, 1985). Experiment 2 mini-
mized the possibility that subjects used such strategies by measur-
ing detection thresholds for a Gabor pattern embedded in static,
broadband noise.
To estimate the spatial frequency selectivity of masking, the fre-
quency content of the masking noise was notched-ﬁltered: the
notch was centered on the target’s spatial frequency, and the width
of the notch varied across conditions (see Fig. 3). This procedure
has been used to estimate the frequency selectivity of auditory
channels (e.g., Patterson, 1976), the spatial frequency tuning of
luminance and chromatic visual mechanisms (Losada & Mullen,
1995; Mullen & Losada, 1999), and the orientation tuning of visual
mechanisms (Govenlock et al., 2009; Hibbard, 2005).
3.1. Methods
3.1.1. Subjects
Twelve naive older and 12 naive younger subjects were paid for
participating in this experiment. The subjects were screened with
the same protocol used in Experiment 1. The ages, acuities, and
MMSE scores for these subjects are listed in Table 1. All older sub-
jects scored within the normal range for their age groups on the
MMSE (Crum et al., 1993). All subjects had normal or corrected-
to-normal acuity and no known vision health problems (see Table 1
for details).
3.1.2. Stimuli and apparatus
The apparatuswas the same as in Experiment 1. The visual target
was a 3 c/deg Gabor pattern with the same parameters as in Exper-
iment 1. Two-dimensional static noise ﬁelds (4.8  4.8 in size)
were constructed by digitally ﬁltering white Gaussian noise. Prior
to ﬁltering, the value of each noise pixel was drawn randomly from
a Gaussian distribution with a mean of 0 and a variance of 0.16.
Noise values beyond ±2 standard deviations from the mean were
discarded and replaced by random samples from the remainingeir Fourier transforms from two conditions. Panel A: Shaded regions depict spatial
ning functions of two ﬁlters. In A1–A3, the spatial frequency spectrum of the noise
oise falling within the passband of the spatial frequency ﬁlters increases response
ithin the passband of the broader spatial frequency ﬁlter. Panel B: In B1, the target
al frequency notch. B3 is the Fourier transform of the stimulus in B1. The broadband
g within 1.6 octaves of the target spatial frequency. B2 and B4 show an example of a
f the spatial frequency axis in the Fourier transform plots differs from the scale used
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Fig. 4. Experiment 2: Notched-noise masking. Mean detection thresholds for older
and younger subjects plotted as a function of the full width of the spatial frequency
notch. The notch was centered on the spatial frequency of the target grating, which
was 3 c/deg. The data points for the two groups have been slightly horizontally
offset from one another for the purposes of visualization only. Eq. (2) was ﬁt to the
average thresholds from each age group; the solid and dashed curves represent the
results for older and younger subjects, respectively. Unmasked thresholds (i.e., the
no mask condition) were obtained on two additional groups of subjects (see
Section 3.2 for details). Error bars represent ±1 SEM.
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of every trial.
Spatial frequency ﬁltering was done in the Fourier domain using
Matlab’s fft2 function and custom software. In different condi-
tions, the ﬁltering procedure removed all Fourier components
within ±0.1, ±0.2, ±0.5, ±0.8, ±1.6, or ±3.0 octaves of the target spa-
tial frequency. In addition, there was one condition in which no
spatial frequency ﬁltering was performed. Thus, the ﬁltering can
be thought of as notch ﬁltering along the spatial frequency dimen-
sion, with the notch centered on 3 c/deg and seven notch widths
ranging from 0 to 6 octaves. A different noise ﬁeld was constructed
for each interval of every trial. Noise contrast was modulated by a
circular window (diameter = 4.8). Fig. 3 shows example of the
stimuli used in the experiment.
3.1.3. Procedure
The same 2-IFC task that was employed in Experiment 1 was
used here, and target contrast varied across trials using QUEST.
Staircases from all seven noise-notch conditions were intermixed
randomly, and a session ended when each staircase had accumu-
lated 45 trials.
3.2. Results
Thresholds obtained from one older subject in 3 of the 7 condi-
tions were more than 2.9 standard deviations away from the mean
of the other older subjects in those conditions. This subject was
deemed an outlier, and his data were not included in subsequent
analyses.
Subjects’ responses were ﬁt with the psychometric function de-
ﬁned by Eq. (1). The mean value of b—the slope—was 4.18. A 2 (age
groups)  7 (mask conditions) ANOVA on log-transformed values
of b found that there were no signiﬁcant main effects of age,
F(1,21) = 1.686, f = 0.046, p = 0.208, or condition, F(6,126) = 1.266,
f = 0.070, ~ ¼ 0:96, p = 0.279, and no age  condition interaction,
F(6,126) = 0.499, f = 0, ~ ¼ 0:96, p = 0.802. The fact that the slopes
of the psychometric functions did not vary signiﬁcantly across
age or condition implies that age differences in masking do not de-
pend on the criterion used to deﬁne threshold.
As seen in Fig. 4, thresholds for old and young subjects were
quite similar to one another in most conditions. An ANOVA on
log-transformed thresholds found that there was no signiﬁcant ef-
fect of age, F(1,21) = 2.475, f = 0.068, p = 0.131, but there was a sig-
niﬁcant effect of condition, F(6,126) = 114.561, f = 1.45, ~ ¼ 0:617,
p < 0.001, and a signiﬁcant age  condition interaction, F(6,126) =
4.836, f = 0.267, ~ ¼ 0:617, p = 0.002. The interaction effect was
caused by the divergence of thresholds at the widest notch width.
To obtain a measure of the spatial frequency selectivity of
masking, thresholds were analyzed using Eq. (2). Eq. (2) was ﬁrst
ﬁt to the average thresholds in each age group, and the resulting
parameters were used to draw the smooth curves in Fig. 4. It can
be seen that Eq. (2) provided reasonably good ﬁts to the data in
both age groups. Next, Eq. (2) was ﬁt to the data from each subject.
As in Experiment 1, the value of k, which corresponds to the lower
asymptote of the masking function, and estimates detection
threshold without a mask, was restricted to have a lower limit of
0.0025.
For each subject, the best-ﬁtting version of Eq. (2) was used to
estimate h1/2. To make the values of h1/2 comparable across exper-
iments, h1/2 for the current experiment was deﬁned as one-half of
the notch width at which threshold fell to half of the maximum
threshold. The mean value of h1/2 for each age group is listed in
Table 2. The difference between age groups was not statistically
signiﬁcant, CI95% = (0.385, 0.253), t(21) = 0.442, p = 0.665. Also
noteworthy is the fact that the values of h1/2 differed by only
0.2 octaves across experiments, despite the fact that the strengthof masking, as well as the shape of the masking function, varied
considerably across experiments (cf., Figs. 2 and 4).
The lower asymptotes of the masking curves in Fig. 4 differed
across age groups. We attribute this age difference to the well-
established age difference in contrast sensitivity for gratings pre-
sented without noise (e.g., Owsley, Sekuler, & Siemsen, 1983). To
test this idea, we measured unmasked contrast detection thresh-
olds for the same 3 c/deg target used here with two new groups
of young (n = 13) and older (n = 12) subjects who had not partici-
pated in Experiments 1 or 2. One younger subject yielded a thresh-
old that was more than 2.5 standard deviations from their
respective group mean; that subject was deemed an outlier and
was not included in subsequent analyses.
Mean thresholds obtained in older (M = 0.016) and younger
(M = 0.007) subjects are plotted on the right side of Fig. 4. A t-test
on the log-transformed threshold values found that thresholds
were signiﬁcantly higher in older subjects, CI95% = (0.077, 0.567),
t(22) = 2.73, p < 0.010, one-tailed, a result that is consistent with
previous reports of age differences in contrast sensitivity (e.g.,
Owsley et al., 1983). Furthermore, these unmasked thresholds
were similar to the thresholds obtained with wide notched-noise
masks, and therefore support the hypothesis that the age differ-
ence obtained with the widest noise mask notch simply reﬂects
the fact that contrast sensitivity for unmasked 3 c/deg patterns is
reduced in older subjects.
Finally, we examined whether the bandwidth of masking, h1/2,
varied among older subjects as a function of age. When the data
from both experiments were combined, the slope of the linear
regression line relating h1/2 to age did not differ signiﬁcantly from
zero (slope = 0.023, CI95% = [0.015, 0.062]), and the correlation be-
tween h1/2 and age in older subjects was not signiﬁcant (r = 0.25,
t(20) = 1.17, p = 0.25). The correlations also were not signiﬁcant
when the two experiments were analyzed separately (Experiment
1: r = 0.05, t(9) = 0.168, p = 0.87; Experiment 2: r = 0.34, t(10) =
1.03, p = 0.33).
Table 3
Estimates of h1/2 from various masking studies.
Source Target frequency (c/deg) h1/2 (octaves)
Anderson and Burr (1985) 3 0.6
Legge and Foley (1980) 2 0.9
Stromeyer and Julesz (1972) 2.5 0.5–0.75
Experiment 1 3 .71
Experiment 2 3 .92
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In Experiment 2, we measured thresholds for a Gabor pattern
embedded in notched-ﬁltered noise. We found that thresholds at
all but the widest noise-notch condition were very similar in older
and younger subjects, and that the selectivity of masking, as in-
dexed by h1/2, did not differ with age. Furthermore, we found that
h1/2 was not linearly associated with age among our older subjects.
Estimates of h1/2 for a subset of conditions from several pub-
lished masking studies are shown in Table 3. Anderson and Burr
(1985) measured detection thresholds for a drifting 3 c/deg target
grating masked with a 25% contrast grating whose phase was ran-
domized on each temporal screen frame. Legge and Foley (1980)
used a static 2 c/deg grating target masked with a static 20% con-
trast grating. Stromeyer and Julesz (1972) used a static 2.5 c/deg
target and a band-pass ﬁltered noise mask. The estimates of h1/2
fall within a range of 0.6–0.9, with a mean estimate of about 0.7 oc-
taves. Averaged across age groups and experiments, our current
estimate of h1/2 is 0.81, which falls within this previously reported
range.4. General discussion
In Experiment 1, we employed a masking plaid composed of
two high contrast sine wave gratings that, on a log–frequency axis,
were positioned symmetrically on either side of a spatially co-
extensive Gabor target. In both age groups, target detection thresh-
olds decreased as the difference between mask and target spatial
frequencies increased, and the shape of the masking function did
not differ signiﬁcantly across groups. Similar results were obtained
in Experiment 2, which used a static, notch-ﬁltered noise mask: In
both age groups, detection thresholds were highest when the
notch width was zero and declined as the notch width increased.
Although there was a signiﬁcant interaction between age and
notch-bandwidth, the effect was due to older subjects having high-
er thresholds in the widest notch condition, and probably reﬂects
the well-known age difference for contrast sensitivity for un-
masked sine wave gratings. Most importantly, in both experiments
the age difference in the spatial frequency selectivity of masking
was small (i.e., Dh1/2 = 0.01 and 0.06 octaves; see Table 2) and
non-signiﬁcant. Hence, Experiments 1 and 2, which used two types
of static masks yielding very different masking functions, failed to
ﬁnd evidence for age differences in the spatial frequency selectivity
of masking.
The lack of an age difference in spatial frequency selectivity of
masking is surprising given recent reports of physiological changes
in visual cortical neurons in senescent monkeys and cats. There is a
decline in orientation and directional selectivity of V1 cells in
senescent macaque monkey that is accompanied by a marked
increase in spontaneous ﬁring rates which reduces the signal-to-
noise ratio (Leventhal et al., 2003; Schmolesky et al., 2000).
Furthermore, the latency at which V1 cells ﬁrst respond to visual
stimulation is both delayed and more variable in senescent maca-
ques (Wang, Zhou, Ma, & Leventhal, 2005). Although there are no
published measurements of spatial frequency tuning bandwidthin senescent primate V1 neurons, Zhang et al. (2008) did report
that V1 neurons in senescent macaque exhibit a decrease in their
preferred spatial frequency, as well as a decrease in their spatial
resolution (i.e., the highest spatial frequency to which the neurons
respond). Taking the ratio of spatial resolution to preferred spatial
frequency as a proxy for the tuning of these neurons, we estimate
that neurons reported by Zhang et al. (2008) had a tuning width of
approximately 2.2 and 1.7 octaves in older and younger monkeys,
respectively. Part of this age-related increase in frequency band-
width may reﬂect the fact that the bandwidth of V1 neurons is re-
lated inversely to preferred spatial frequency (DeValois, Albrecht, &
Thorell, 1982). Assuming that aging does not alter the relation be-
tween preferred spatial frequency and frequency bandwidth, the
results of DeValois et al. (1982) (see their Fig. 7) suggest that
approximately one-half of the 0.5 octave age difference in fre-
quency bandwidth that we estimated from data reported by Zhang
et al. (2008) could be accounted for by the age difference in peak
frequency. Hence, Zhang et al.’s (2008) ﬁndings are consistent with
the idea that aging is associated with a slight increase in spatial
frequency bandwidth in V1 neurons. Despite these physiological
changes, the current masking studies found no evidence that the
frequency selectivity of masking varies with age.
There are several potential explanations for the apparent dis-
crepancy between the physiological studies of the effects of aging
on signal to noise ratio (Hua et al., 2006; Schmolesky et al., 2000)
and spatial frequency coding (Zhang et al., 2008) and the psycho-
physical results reported here. One possibility is that the physio-
logical age differences are due to an interaction between age and
the effect of anesthesia, rather than an age-related visual process-
ing decline. However, Wang et al. (2005) and Zhang et al. (2008),
found that large variations in the level of anesthetic did not signif-
icantly alter the age differences in the physiological responses of
V1 and V2 neurons, which argues against any interaction between
anesthesia and age. Alternatively, it may be that the older subjects
in our experiments, whose ages ranged from 62 to 77 years, simply
were not old enough to exhibit effects of aging analogous to those
found in the animal studies. One argument against this idea is that
we did not ﬁnd evidence for a signiﬁcant association between
masking bandwidth and age among older subjects, however, it is
possible that an association could be found with subjects older
than 77 years of age.
Another possibility is that older subjects used top-down pro-
cesses like attention to compensate for changes in visual mecha-
nisms. Attention improves spatial resolution in Landolt-square,
gap resolution, and Venier resolution tasks (Yeshurun & Carrasco,
1999), alters perceived contrast (Liu, Abrams, & Carrasco, 2009),
and improves contrast sensitivity across a wide range of spatial fre-
quencies (Carrasco, Penpeci-Talgar, & Eckstein, 2000). Work using
fMRI techniques has found that attention modulates activity in
early visual cortex (Fischer &Whitney, 2009; Kastner, Weerd, Desi-
mone, & Ungerleider, 1998; Serences & Boynton, 2007; Smith, Cot-
illon-Williams, & Williams, 2006). The amplitude of the steady-
state visually-evoked potential (ssVEP) is modulated via attention
(Di Russo & Spinelli, 1999). Single cell recordings performed on
macaque monkeys have found that attention alters the response
properties of single neurons in many visual cortical areas (McAd-
ams & Maunsell, 1999; McAdams & Reid, 2005; Treue & Maunsell,
1999). Given this evidence, it is reasonable to speculate that age
differences in visual attention may have compensated for differ-
ences in the frequency selectivity of low-level visual neurons.
A related hypothesis is that older and younger subjects may
have used different functional networks to perform the detection
task (Bennett, Sekuler, McIntosh, & Della-Maggiore, 2001; Della-
Maggiore et al., 2000; McIntosh et al., 1999). Faubert (2002) has
suggested that, faced with what might be widespread, diffuse
neuronal loss and dysfunction, the aged brain may be able to
1718 S.W. Govenlock et al. / Vision Research 50 (2010) 1712–1719compensate when performing simple visual tasks by engaging re-
serve neural resources, but that this compensation may be insufﬁ-
cient to maintain high levels of performance in complex tasks
(Faubert & Bellefeuille, 2002; Habak & Faubert, 2000). One way
of examining how compensation affected age differences in our
task would be examine if using a more complex task – perhaps a
dual-task procedure (Liu et al., 2009) – leads to broader spatial fre-
quency tuning in older observers. Such a result would be consis-
tent with previous results showing that older observers’
performance on some visual and cognitive tasks suffers more un-
der conditions of divided attention than does younger observers’
(Richards, Bennett, & Sekuler, 2006; Sekuler, Bennett, & Mamelak,
2000).
The discrepancy between previously presented physiological
results and the current psychophysical results also may be recon-
ciled by considering which subset of cortical neurons contribute
to behaviour. If aged observers compensate via attentional mecha-
nisms to change the subset of cells relied on to perform our task,
then further research using divided attention tasks or fMRI could
reveal how the cortical networks shift with age. Zhang et al.
(2008) found that, on average, V1 cells’ spatial frequency tuning
changed as age increased. Similarly, Schmolesky et al. (2000) and
Hua et al. (2006) found that, on average, older cells demonstrated
increased spontaneous ﬁring rates and a decreased signal-to-noise
ratio. However, in all three of these studies, some cells in older
monkeys retained response properties that were similar to those
found in younger animals. If psychophysical performance is deter-
mined by such a subset of cells, then one would expect no differ-
ence between age groups in the current experiments. There is
evidence suggesting that performance in some psychophysical
tasks may be driven by a small number of neurons (see Gold &
Shadlen, 2007; Parker & Newsome, 1998). Future research is re-
quired to distinguish between the hypotheses that our tasks were
merely not sensitive enough to observe the differences found in
single cell recordings or that our task is tapping an alternate subset
of cells. Increasing the demands of the task, measuring the re-
sponse of a large population of spatial frequency-selective neurons
using the steady-state visually-evoked potential (Regan & Regan,
1988), or measuring the cortical networks aged observers use with
fMRI, all could be useful in providing evidence to address this
apparent inconsistency between previous physiological and the
present psychophysical results.
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